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Abstract
Outline shapes were moved back and forth at .5Hz behind a simulated narrow (10 0 or 15 0) slit without visible borders. Under
free-viewing conditions observers reported spontaneous transitions between periods in which they saw a horizontally moving shape
and periods in which they saw only vertically moving contour segments. Eye movements were monitored with a dual-Purkinje image
eye-tracker. On half the trials we used retinal stabilization to eliminate any pursuit dependent retinal painting. With no stabilization,
we observed low amplitude spontaneous pursuit of the horizontal ﬁgure motion when a shape was seen, and occasionally lower
amplitude pursuit even when no shape was seen. Pursuit amplitudes increased when the display was stabilized. However, stabiliza-
tion did not alter either the duration or frequency of the episodes of shape perception. Our ﬁndings indicate that under the free-
viewing conditions we employed, spontaneous smooth pursuit and pursuit dependent painting did not contribute to the formation
or maintenance of anorthoscopic percepts.
 2004 Elsevier Ltd. All rights reserved.
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1.1. Early investigations
If a shape is moved across a narrow slit which reveals
only a small slice of it at any moment, observers often
perceive the entire shape as an integrated whole. Zo¨llner
(1862) ﬁrst reported this phenomenon, and labeled it
‘‘anorthoscopic perception.’’ When the motion across
the slit is suﬃciently rapid, the perceived shape may ap-
pear compressed along the axis of the shapes motion (so
that a circle is seen as a vertical ellipse). Shortly after
Zo¨llners report, Helmholtz (1962) argued that anortho-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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Fendrich).scopic percepts were an artifact produced by eye move-
ments, and not truly psychological in origin. Helmholtz
pointed out that if an observers eyes pursued the mo-
tion of the shape behind the slit, a spatially extended
image of the shape would be painted onto the retina.
This painted image was taken to be the basis of the uni-
ﬁed shape percept. In support of this retinal painting
hypothesis, Helmholtz reported (although Zo¨llner
claimed otherwise) that if a boundary of the slit was
carefully ﬁxated to eliminate eye motions, no shape per-
cept would be seen.
Vierordt (1868) tested this retinal painting hypothesis
and failed to conﬁrm it. When he moved shapes behind
a brightly backlit 2mm slit, observers reported seeing
a shape that appeared much wider than the slit, but
an afterimage of the slit itself remained as narrow
as the slit. Additional investigations carried out by
German Gestalt psychologists in the 1920s also argued
against this hypothesis. Rothschild (1922) found that
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cepts when the shape velocities were high enough to
smear the segments seen through the slit. Both Roths-
child (1922) and Hecht (1924) found two ﬁgures moving
in opposite directions could be seen simultaneously, and
argued that observers could not be pursuing both at
once.
1.2. Modern investigations
Following the 1920s studies, anorthoscopic percep-
tion appears to have been largely forgotten until it was
re-discovered by Parks in 1965. In a brief note, Parks re-
ports a complex shape passed in across a slit will be seen
‘‘as a whole. . . in the vicinity of the slit.’’ Parks proposed
that to form such shape percepts temporally successive
views of the shape had to be stored and assembled in
a post-retinal storage buﬀer.
1.2.1. Evidence for retinal painting
Following Parks report, the retinal painting hypo-
thesis was revived almost immediately. In a compelling
paper, Anstis and Atkinson (1967) demonstrated that
when observers pursued a visible independently moving
target while viewing anorthoscopic shapes, the width of
the shape that was seen was independent of the shapes
actual width and corresponded to the width of the image
being painted onto the retina. These investigators also
show that pursuit counter-phase to the motion of a
shape will produce a percept which (like its retinal coun-
terpart) is mirror image reversed. They point out that in
the two ﬁgure experiments reported by Rothschild
(1922) and Hecht (1924), tracking either shape would
have resulted in a painted image of both shapes. Since
these investigators used a symmetric shape (a circle),
the image reversal of one shape would not have been
apparent. Anstis and Atkinson suggest the shape com-
pression and other distortions found in anorthoscopic
percepts reﬂect retinal image distortions produced by
low amplitude spontaneous pursuit. Morgan (1981),
Morgan, Findlay, and Watt (1982) and Mack, Fendrich,
and Wong (1982) have documented such low amplitude
pursuit. However, Anstis and Atkinson (1967) do not
actually report any data gathered under free-viewing
conditions.
Haber and Nathanson (1968) also argue for the reti-
nal painting explanation of anorthoscopic percepts.
They compared the percepts that occurred when a slit
that was moved across a set of shapes with the percepts
that occurred when the shapes were moved behind a slit.
In the former case, with slit transit times of 300ms or
less, a full and undistorted shape was seen which the
authors attribute to retinal persistence. When shapes
were moved behind the slit, observers could identify
them (and described them as compressed) but reportedthat when ﬁxating they could see ‘‘only what was visible
at any instant in the slit.’’ Haber and Nathenson
conclude that in the absence of retinal painting anortho-
scopic ‘‘percepts’’ are not true percepts, but descriptions
that are based on ‘‘judgments of what the shape of the
ﬁgure must have been.’’
1.2.2. Evidence against retinal painting
On the other hand, several contemporary investiga-
tors have conducted studies that cast substantial doubt
on the adequacy of the retinal painting hypothesis. It
has been shown that anorthoscopic ﬁgures can be seen
even when the eye is ﬁxating a stationary target (Mor-
gan et al., 1982; Rock, 1981). Moreover, Fendrich and
Mack (1981) and Morgan et al. (1982) have reported
that shape percepts can occur when retinal stabilization
eliminates any possibility of retinal painting. Day (1989)
and Fujita (1990) have demonstrated that a rotating ﬁg-
ure viewed through a narrow slit can be perceived as a
rotating ﬁgure, although in this case pursuit cannot
paint a meaningful retinal image. McCloskey and Wat-
kins (1978) repeated the earlier experiments in which
two ﬁgures moved in opposite directions, but used
asymmetric ﬁgures. Contrary to the prediction made
by the painting hypothesis, they found that both ﬁgures
were seen as correctly oriented.
In the 1970s, Rock and his colleagues carried out a
series of studies designed to demonstrate the role of cog-
nitive processes in the perception of shapes viewed
through a slit (Rock, 1981; Rock & Gilchrist, 1975;
Rock & Sigman, 1973; Rock & Halper, 1969). These
experiments show that even when a moving slit is passed
across a stationary ﬁgure (so that retinal painting must
occur), factors such as the visibility of the slit boun-
daries have a strong inﬂuence on the likelihood that a
ﬁgure will be seen. Rock (1981) argues that such obser-
vations show that anorthoscopic percepts are the result
of a visual constructive process. Rock, Halper, and
Wheeler (1987) extended these observations to the clas-
sic moving ﬁgure paradigm. Like Hecht (1924), they at-
tempt to explain the pursuit dependent changes in the
shape of anorthoscopic ﬁgures in terms of an underesti-
mation of the ﬁgures velocity. They report that when
observers pursue an independently moving target, the
perceived velocity of an anorthoscopic ﬁgure matches
the pursuit velocity. They attribute this outcome to a
cueing eﬀect of the eye motions, and point out that the
retinal painting hypothesis not only fails to predict this
eﬀect, but also fails to predict any percept of horizontal
ﬁgure motion.
Other investigators have also argued that perceived
motion plays a critical role in the formation of anortho-
scopic ﬁgures. Sohmiya and Sohmiya (1994) argue that
the availability of motion cues can be a critical determi-
nant of whether anorthoscopic ﬁgure percepts are seen.
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percepts can occur when the only source of shape infor-
mation is the displacement of pairs of dots in successive
frames. A recent report by Nishida (2004) also bears on
this issue. Using a multi-aperture display in which ﬁg-
ures are passed across a sequence of single pixel wide
slits, Nishida shows that shape percepts occur which
must be derived from motion information, since the spa-
tial frequencies needed to resolve the shapes cannot be
recovered from the available static spatial information.
1.2.3. A hybrid model
Morgan et al. (1982) attempted to reconcile the extant
conﬂicting evidence by proposing that anorthoscopic ﬁg-
ure percepts are produced by two distinct mechanisms,
each favored by speciﬁc stimulus conditions. They report
a series of experiments in which the slit-width and speed
of a moving ﬁgure were varied. They conclude that reti-
nal painting is essential for the perception of anortho-
scopic shapes when the slit is narrow and ﬁgure
velocities are high, but with wider slits and slower veloc-
ities ﬁgure percepts are produced by a post-retinal proc-
ess that does not depend on painting. Additional support
for this two-process model is provided by experiments in
which retinal painting was eliminated by retinal stabiliza-
tion of the slit. Subjects tracked a moving point locked to
the motion of outline rectangles that were viewed
through a slit. With a narrow (4.5 0) slit and a 10/s ﬁgure
velocity, no shape percepts were reported with full stabi-
lization. With the wider (18 0) slit and a 3/s ﬁgure veloc-
ity, subjects perceived a moving occluded shape even
with full stabilization.
1.2.4. Potential interactions between processes
In sum, it appears while retinal painting can produce
shape percepts when a ﬁgure passes rapidly behind a
narrow slit, percepts of an integrated shape can also
occur that cannot be solely attributed to painting.
Below, we will refer to anorthoscopic ﬁgure percepts
that are not just painted onto the retina ‘‘post-retinal’’
anorthoscopic percepts. Based on the existing reports
(e.g. Morgan et al., 1982), percepts based on painting
and post-retinal anorthoscopic percepts have distinctly
diﬀerent characteristics: Painted ﬁgures are visible in
their entirety or near entirety as static images, while
post-retinal ﬁgures are seen as moving and occluded.
However, while a two process model of this kind can
reconcile much of the conﬂicting data on anorthoscopic
ﬁgure perception, a division of anorthoscopic percepts
into two completely independent classes dictated by
the presentation parameters is almost certainly too sim-
ple. Percepts of anorthoscopic shapes that are moving
and occluded (and therefore presumably post-retinal)
have been reported despite the use of extremely narrow
slits (Watanabe, Nijhawan, & Shimojo, 2002). More-over, the perception of anorthoscopic ﬁgures that are
moving and occluded can be facilitated when subjects
pursue a visible moving target (Fendrich & Mack,
1981; Rock, 1981; Rock et al., 1987; Rothschild,
1922). This suggests that even when eye motions are
not required for anorthoscopic percepts to occur they
may contribute to those percepts, a possibility pointed
out by Burr and Ross (2004). Such a facilitation could
be attributed to the pursuit itself (Rock et al., 1987),
or to the painting produced by this pursuit. This is the
case because any pursuit will paint a persisting image
of some portion of the shape behind the slit onto the ret-
ina. Even if the painted portion only represents a narrow
slice of the shape, that slice will be wider than the slit,
and could serve as an input to the post-retinal ﬁgure
forming process.
All proponents of the retinal painting hypothesis
have attributed the perception of anorthoscopic ﬁgures
under free-viewing conditions to the painting produced
by spontaneous pursuit. While it now seems clear that
this is not always the case, the possibility that spontane-
ous pursuit can support to these percepts has not been
previously tested: All demonstrations of the facilitating
eﬀect of pursuit on anorthoscopic percepts have de-
pended on the deliberate pursuit of a continuously visi-
ble moving target.
Here we report a set of experiments which use retinal
stabilization to quantitatively evaluate the potential con-
tribution of retinal painting to the formation and stabil-
ity of anorthoscopic percepts under free-viewing
conditions. In addition, these experiments bear on the
‘‘seeing vs. knowing’’ distinction raised by Haber and
Nathanson (1968).
1.3. Instability in anorthoscopic percepts
Anorthoscopic percepts are less readily seen if the
boundaries of the slit are not visible (Fendrich & Mack,
1980; Morgan et al., 1982; Rock, 1981). Under these
conditions, these percepts are often intermittent (Fend-
rich & Mack, 1980). For example, if a luminous outline
circle is presented through a narrow slit with no marked
slit boundaries, it can initially appear as two short line
segments moving vertically up and down (see Fig. 1,
upper row). At some point in time, the percept trans-
forms and a circle (or ellipse) which is seen sweeping
horizontally back and forth (see Fig. 1, bottom row.)
However, this shape percept may subsequently vanish
and reappear again, so that periods of ﬁgure perception
alternate with periods in which only the segments are
perceived. Murray, Kersten, Olhausen, Schracter, and
Woods (2002) have described a similar instability in a
two-aperture display. In the current study, we utilize this
instability to determine whether retinal painting will in-
crease the likelihood of a ﬁgure percept.
Fig. 1. Alternate percepts of the anorthoscopic display. The top row illustrates the contour segments actually visible in the slit at three diﬀerent
moments as the circle moved behind the slit. Note that these segments did not alter their horizontal position. When there was no shape percept, the
segments were seen as moving vertically together and apart. When a shape percept was seen, the segments were perceived as sections of an integrated
horizontally moving ﬁgure, as illustrated in the bottom row. The dotted circle is drawn to illustrate a shape percept and was never actually displayed.
The ratio of the slit-width to the ﬁgure width reﬂects their actual relative size in Experiment 1.
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2.1. Methods
2.1.1. Apparatus
Displays were generated using a PC type computer.
Stimuli were presented on Hewlett Packard 1310A X-
Y monitor. This monitor is essentially a large screen
(48cm diagonal) oscilloscope. The unit we employ has
been customized with a P15 phosphor that has a lumi-
nance decay time of 50ls to 0.1%. The monitor was dri-
ven by 12bit digital to analog converters on a Data
Translation I/O board. Eye motions were monitored
with a Fourward Technologies Generation 5 DualFig. 2. The three outline shapes used in Experiment 1.Purkinje image eyetracker, which has a resolution of
100. The eyetracker analog outputs were sampled with
the I/O boards 12bit analog to digital converters. Sub-
jects responses were obtained with the buttons of a
modiﬁed computer mouse, which was connected to a
digital port on the I/O board. A Spectrascan PR650
spectrophotometer with a close-up lens was used to
obtain luminance measurements.
2.1.2. Stimuli
Three outline stimulus shapes were used in all our
experimental procedures: a simple circle, an irregular
closed loop, and a pattern formed from three distinct
linked loops. These shapes are shown in Fig. 2. ForOnly the 3-loop shape was used in Experiment 2.
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lar-loop, and 3-loop shapes.
The irregular-loop and 3-loop shapes were created by
summing three sinusoidal components with diﬀerent
weightings and frequencies, using an algorithm similar
to that used to form traditional lissajous patterns. They
were viewed from a distance of 57cm and subtended 5
by 5. The shapes were presented through a simulated
slit without marked edges, so all that was visible to the
subject were ﬁgure segments which displaced vertically
in the slit (see Fig. 1, upper row). The slit had a width
of either 30 0 or 1500 depending on the experimental pro-
cedure. Each ﬁgure was formed from 480 points. At the
subjects viewing distance, the ﬁgures appeared to be
drawn with continuous lines. The ﬁgures were advanced
behind the simulated slit in steps of 3 0 of arc every 10ms,
producing an eﬀective horizontal ﬁgure velocity of 5/s
and a ﬁgure transit time of 1s. We used this velocity
and transit time in all our experimental procedures.
The luminance of the points used to form each ﬁgure
was 6.0cd/m2 against a dark background in a dark
room. Shapes initially appeared with their right edge
centered in the simulated slit, moved leftward across
the slit till their left edge was centered in the slit, and
then immediately reversed direction, so that when seen
as integrated they appeared to be sweeping horizontally
back and forth.
2.1.3. Eye monitoring methods
Subjects viewed stimuli binocularly with their right
eye monitored by the Purkinje image eyetracker and
their head position ﬁxed with a bite plate. The eye-
trackers analog outputs were initially calibrated by hav-
ing subjects ﬁxate a central point and points 4 to the
left and right of center. Eye position oﬀsets were re-zer-
oed if necessary at the start of each experimental trial.
During the experimental runs, the eyetrackers horizon-
tal eye position output was sampled every 10ms, just
prior to the presentation of each ﬁgure slice. To horizon-
tally stabilize displays, this output was used to displace
the screen position of all the points in the ensuing ﬁgure
slice, so that the simulated slit moved on the display
screen in tandem with a subjects horizontal eye move-
ments. With the display system we employed, the
stabilization accuracy that was limited only by the eye-
trackers noise (1 0) and the eye movements that occurred
during the interval required to display the contour seg-
ments in each slice (usually <2ms). Note that stabiliza-
tion did not alter the motion of the ﬁgure relative to
the slit. Horizontal eye motion records from every trial
(both stabilized and non-stabilized) were stored on the
computer hard-drive for subsequent analysis. During
the experimental trials, a point visible only on a moni-
toring oscilloscope allowed online observation of the
subjects eye position, and rare trials in which the tracker
did not function correctly were terminated and rerun.2.1.4. Instruction and training
As detailed below, in an initial procedure the subjects
task was to report when they ﬁrst had a percept of a hori-
zontally moving ﬁgure. It was explained to subjects that
they would be viewing outline geometric shapes through
a narrow slit and should report when they saw an inte-
grated shape moving horizontally back and forth, not
just vertically moving line segments. To clarify this
perceptual distinction, subjects were initially shown a
complex display (a photograph of a tiger in a jungle
environment) on a conventional computer monitor. This
image was displayed moving horizontally back and
forth across a rectangular window. This window was
gradually narrowed until the image was no longer recog-
nizable, and all that could be seen was a complex pattern
vertically displacing colored spots. The slit was then
widened again until the tiger percept re-occurred. Dur-
ing this demonstration, and in the experimental trials,
the transition between the no-ﬁgure and ﬁgure percepts
was phenomenally sharp and clear.
2.1.5. Subjects
Twelve subjects were run. All were undergraduate
students at the Otto-von-Guericke University in Magde-
burg, Germany. They were paid 6.50 Euro per hour for
participating. All subjects were naive with respect to the
purpose of the experiment, and none had prior experi-
ence with anorthoscopic displays. All subjects gave their
informed consent before participating, and understood
that they could withdraw from the experiment for any
reason at any time.
2.1.6. Procedure
Initially, subjects were presented with the three test
shapes through a 30 0 of arc simulated slit in a sequence
of 1min trials. Under these conditions, anorthoscopic
shape percepts have attributes that are characteristic of
the post-retinal process—they are seen as moving and
occluded. Subjects reported when they had a shape per-
cept by pressing and holding down a button with their
right hand. The circle was always presented ﬁrst. On
subsequent trials, half the subjects viewed the irregu-
lar-loop ﬁrst and half viewed the 3-loop shape ﬁrst. At
the end of each trial, subjects were asked to draw the
shape they had seen. In the drawings of these ﬁgures,
attention was paid to major structural features (e.g.
the upward pointing tail on the left side of the irregu-
lar-loop, and the relative size of the loops in the 3-loop
shape). If a subject did not correctly reproduce these fea-
tures, an additional trial was run with the same ﬁgure
and the subject drew it again. Fig. 3 shows some repre-
sentative drawings that we deemed acceptable.
Because we thought any facilitation of the post-reti-
nal process by painting might reduce the onset latency
of initial ﬁgure percepts, half (six) of the subjects were
run with a retinally stabilized display and half with a
Fig. 3. Representative drawings of the three shapes from a subject run
without stabilization (top row) and a subject run with stabilization
(bottom row).
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Fig. 4. Time in seconds to the ﬁrst report of a shape percept for all
three shapes with the six subjects who were initially run stabilized and
the six subjects who were initially run non-stabilized.
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port was recorded.
After subjects drew the three ﬁgures, the main experi-
mental procedure was run. All subjects viewed each of
the three shapes moving back and forth across a 15 0 slit
for eight 90s stabilized and eight 90s non-stabilized tri-
als. Pilot observations indicated this slit-width would
produce a high incidence of perceptual intermittency.
Subjects were instructed to press a response button
when they saw a horizontally moving shape, and release
it when they saw only vertically moving segments. Stabi-
lized and non-stabilized trials were arranged in a coun-
terbalanced sequence. All 16 trials with each shape
were completed before the next shape was presented.
Each of the six possible presentation orders of the three
shapes was used with two of the subjects. The dependent
variables of primary interest were the percentage of the
total time that a moving shape was seen, and the fre-
quency and duration of the episodes of shape percep-
tion. We reasoned that if painting was facilitating
ﬁgure percepts, episodes of shape perception would be
less common and/or shorter in duration in the stabilized
condition where no painting could occur. We also ana-
lyzed subject eye motions to ascertain the extent to
which spontaneous pursuit was in fact generating retinal
painting. The experiment was run in a single session
approximately 2h long (including two rest breaks).Table 1
The trial on which a subjects drawing of each shape was accepted with the six
who were tested without stabilization
Drawing accepted in trial 1
No stabilization Stabilization
Irregular 4 3
3-loop 3 3
Circle 6 62.2. Results
2.2.1. Figure percept onset times
With all three shapes, all subjects reported a ﬁgure
percept on the ﬁrst trial, although a second trial was
sometimes required before a subjects drawing was ac-
cepted. Stabilization had no eﬀect in this regard. For
each of the shapes, Table 1 shows the trial on which a
drawing was accepted with the stabilized and non-stabi-
lized subjects. We note that although drawings of the 3-
loop shape were accepted only half the time on the ﬁrst
trial, all subjects drew a pattern with three loops after
this trial. Irrespective of stabilization, most subjects
drew ﬁgures without any pronounced horizontal com-
pression or expansion.
Fig. 4 shows the mean time until the onset of the ﬁrst
report of a shape percept for all three ﬁgures in both the
stabilized and non-stabilized conditions, with the associ-
ated standard errors.
Across ﬁgures, in the non-stabilized condition the
mean time to the onset of a ﬁgure percept was 3.0 s. In
the stabilized condition, this onset time was an almost
identical 3.1 s. A 2-way ANOVA with repeated measures
conﬁrms there was no diﬀerence between stabilized and
non-stabilized onset times (F(1,10) = 0.004, p > .1), or
between the onset times for the three diﬀerent shapes
(F(2,20) = 0.55, p > .1), and no interaction between
these factors (F(2,20) = 0.37, p > .1). The short times
to a ﬁgure percept indicate that, given our viewing
conditions and initial training, ﬁgure percepts formedsubjects who were initially tested with stabilization and the six subjects
Drawing accepted in trial 2
No stabilization Stabilization
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boundaries. The data provides no evidence of a facilitat-
ing eﬀect of painting on the onset of ﬁgure percepts.
However, in view of the short onset times, any potential
facilitation could have been masked by a ceiling eﬀect.
2.2.2. Measures of intermittency
2.2.2.1. Total time ﬁgure seen. Although there was sub-
stantial across-subject variability in the reports of shape
intermittency, all subjects reported intermittent shape
percepts with at least one of the three shapes, and 10
of the 12 did so with all three. Averaged across subjects
and ﬁgures, a percept of a horizontally moving shape
was reported 55.9% of the total viewing time in the
non-stabilized condition, and 47.6% of the total viewing
time in the stabilized condition. For each of the three
shapes, the mean percent of the total time a shape per-
cept was reported in the stabilized and non-stabilized
conditions are shown in Fig. 5. Although the total time
a ﬁgure was reported is shorter in the stabilized condi-
tion for all three ﬁgures, this eﬀect fails to reach signiﬁ-
cance at the .05 level in a two-way repeated measures
ANOVA (F(1,11) = 3.59, p = .085). The eﬀect of
shape-identity approaches but also fails to reach this
level of signiﬁcance (F(2,22) = 3.02, p = .066), and stabi-
lization and shape identity do not interact
(F(2,22) = .36, p > .1).
2.2.2.2. Duration and frequency of the ﬁgure percepts.We
also analyzed the mean number and duration of the epi-
sodes of ﬁgure perception occurring in each 90s run.
Overall, in the non-stabilized condition there were an
average of 3.12 discrete episodes of ﬁgure perception
per run, with a mean duration of 21.42s. In the stabi-
lized condition, the corresponding values are 3.32 epi-
sodes and 15.17s. Mean duration of episodes of shape
perception and mean frequency of the episodes withinIrregular 3-Loop Circle
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Fig. 5. The mean percent of the total 360-s viewing time that a shape
percept was reported for all three ﬁgures in the stabilized and non-
stabilized trials. Errors bars show standard errors of the mean.a run are shown for each of the three shapes in Fig.
6A and B.
It can be seen in Fig. 6A that the longest mean dura-
tions occurred with the circle (31.41s non-stabilized,
23.75s stabilized), the smallest with the 3-loop shape
(12.58s non-stabilized, 10.66s stabilized), and for all
three ﬁgures the mean duration per run was slightly lar-
ger with non-stabilized viewing. A two-way repeated
measures (shape · stabilization) ANOVA indicates that
the eﬀect of shape on the mean duration of the episodes
of shape perception is statistically signiﬁcant
(F(2,22) = 6.8, p < .005), but the eﬀect of stabilization
is at best marginal (F(1,11) = 3.75, p = .077), and there
is no interaction between these factors (F(2,22) = .93,
p > .1). Thus, the stability of shape percepts was not
independent of the character of the shape being shown,
but stabilization had little if any impact.
It can be seen in Fig. 6B that the frequency of epi-
sodes of shape perception was similar for the circle
and irregular-loop, but larger with the 3-loop shape,
and the eﬀect of stabilization was small and inconsistent.
ANOVA results indicate that the eﬀect of shape was
once again signiﬁcant (F(2,22) = 8.65, p < .005), butIrregular 3-Loop Circle
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Fig. 6. (A) shows the mean duration in seconds of episodes of ﬁgure
perception with each shape in the stabilized and non-stabilized trials.
(B) shows the mean number episodes of shape perception within each
trial for the stabilized and non-stabilized trials. Errors bars show
standard errors.
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Fig. 7. Sample eye motion records. In all the records, the gray areas
show the intervals in which a shape percept was reported. Horizontal
eye movement amplitudes in arcmin are plotted against the scale on the
left. In A and B, wavelet amplitudes in arcmin are shown by the dotted
line and plotted against the scale on the right. Records A and B
illustrate the coupling of pursuit eye movements with reports of shape
perception in two non-stabilized trials. Record C shows the same
coupling in a stabilized trial. Note the increased pursuit amplitude with
stabilization. Record D illustrates episodes of ﬁgure perception
without pursuit in a non-stabilized trial. In this record, pursuit can
be seen during the ﬁrst episode of ﬁgure perception but is absent in the
three subsequent episodes. Record E illustrates a stabilized trial in
which the ﬁgure percept is intermittent, but pursuit is continuous.
Record F illustrates low amplitude sustained pursuit in a non-
stabilized trial during periods in which the ﬁgure percept is lost.
Although the pattern shown in A–C was the most frequently observed,
the cases illustrated by records D–F were not rare.
574 R. Fendrich et al. / Vision Research 45 (2005) 567–582there was no eﬀect of stabilization (F(1,11) = 0.38,
p > .1) and no interaction between these factors
(F = (2,22) = 0.74, p > .1). Comparing Fig. 6A and B,
it can be seen that the relatively frequent incidence of
episodes of shape perception with 3-loop shape is inver-
sely related to their relative brevity. Thus, the 3-loop
shape was perceived more often but for shorter periods
than the other shapes. This inverse relationship can ac-
count for the absence of a signiﬁcant eﬀect of ﬁgure-type
in the analysis of the total time shape percepts were seen
(Fig. 5).
2.2.3. Eye movement analyses
2.2.3.1. Qualitative observations. Any eﬀect of the retinal
painting under free-viewing conditions will necessarily
depend on the occurrence of spontaneous pursuit eye
movements. Eye records conﬁrmed that horizontal pur-
suit eye motions were often closely coupled to reports of
a shape percept, with pursuit appearing when the per-
cept appeared and vanishing when the percept was lost
(see Fig. 7A–C for illustrations). The onset of pursuit
frequently just preceded the ﬁgure report in both the sta-
bilized and non-stabilized conditions, although this was
not always the case (see Fig. 8). However, potential de-
lays between the appearance of a ﬁgure percept and a
subjects report of that percept make it diﬃcult to ascer-
tain the exact relationship between the start of pursuit
and the occurrence of shape percepts. We did not at-
tempt to formally analyze phase information, but in a
subset of records we inspected, the direction of pursuit
was generally well locked to the horizontal stimulus
direction. Some subjects tended towards a small phase
lead (see Fig. 8) while others tended to show a small
phase lag (typically 100–200ms in both cases). Stabiliza-
tion had no obvious eﬀect in this regard. In the non-sta-
bilized trials, pursuit eye motions were always much
smaller than the 5 motion path of the occluded shape.
However, in the stabilized trials pursuit would some-
times build in amplitude, carrying the simulated slit
back and forth across the display screen over distances
that could exceed the shapes motion path. On the other
hand, we also observed instances in which there was a
shape percept without visible pursuit (Fig. 7D), and
intervals in which there was pursuit but no shape per-
cept was reported (Fig. 7C, E, F). This last event was
most likely to occur in breaks between intervals of shape
perception. As illustrated by Fig. 7D, the link between
shape perception and pursuit was often highly variable
even within a single trial. Thus, while pursuit was asso-
ciated with the occurrence of anorthoscopic shape per-
cepts, this was not a necessary association.
The increased amplitude of the pursuit in the stabi-
lized condition is not surprising. With non-stabilized
viewing, pursuit was constrained because it moved the
fovea away from the slit, but with stabilized viewing this
constraint was not present. Interestingly, subjects oftensubsequently reported they were unaware that they
themselves had produced the large swings of the simu-
lated slit. In addition, in the stabilized condition sub-
jects eyes sometimes drifted to an eccentric position
carrying the simulated slit several degrees to one side
of the screen center, and then tracked from this oﬀset
position.
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Fig. 8. Temporally expanded sections of three pursuit records. The
gray areas show the intervals in which a shape percept was reported. In
record A, which shows section of the full trial record in Fig. 7A, pursuit
begins just prior to the shape report. This was the most common
pattern. B shows a section of another record from the same subject in
which pursuit begins after the onset of the ﬁgure report. C shows a
section of a stabilized trial with the same subject, in which the start of
pursuit is almost simultaneous with the start of the ﬁgure report. The
square-wave shows the direction reversals of the ﬁgure moving behind
the slit (down signiﬁes rightward in both the eye-record and square
wave trace). The subjects pursuit in these records shows a small phase
lead, but this was not observed consistently across subjects.
Fig. 9. Wavelet derived estimates of mean pursuit amplitudes for the
three ﬁgures in four cases: Stabilized—shape seen; stabilized—no
shape seen, non-stabilized—shape seen, non-stabilized—no shape seen.
Amplitudes were larger when a ﬁgure was seen, and when the display
was stabilized.
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To assess the occurrence of pursuit in a quantitative
manner, horizontal eye motion data was analyzed using
a Morlet-wavelet analysis (Torrence & Compo, 1998).
Prior to this analysis, saccades were removed using a
15/s velocity criterion (3 · the expected pursuit velocity
of 5/s maintained for 10ms), and slow drifts were
ﬁltered from the record using a high-pass Butterworth
ﬁlter with a 0.1Hz lower cut-oﬀ frequency. After this
pre-processing, eye-motion records were convolved with
a Morlet-wavelet with a center frequency of 0.5Hz (the
horizontal frequency at which ﬁgures moved back and
forth), and the derived wavelet coeﬃcients were normal-
ized to obtain mean eye-motion amplitudes at this fre-
quency (Kruggel & Hermann, 2002). The wavelet
derived amplitude estimates conform well with the peak
to peak pursuit amplitudes that one can observe by a di-
rect inspection of the eye records, as can be seen in Fig.
7A and B. We used the wavelet analysis to evaluate pur-
suit when: (1) A ﬁgure percept was reported during non-
stabilized viewing, (2) no ﬁgure percept was reported
during non-stabilized viewing, (3) a ﬁgure percept was
reported during stabilized viewing, and (4) no ﬁgure per-
cept was reported during stabilized viewing.In the non-stabilized condition, when a shape percept
was being reported the mean peak to peak amplitude of
pursuit was 36.2 0 (SE = 5.34). When no shape was being
reported, pursuit also occurred but its amplitude was re-
duced to 15.6 0 (SE = 2.77). Two factors may have some-
what inﬂated our estimates of the pursuit when no ﬁgure
was seen. As previously mentioned, delays may have
been present between the appearance of the shape per-
cept and subjects report of that percept, causing periods
in which a ﬁgure was seen to be averaged into the no-ﬁg-
ure means. In addition, some blurring of the boundary
between pursuit and no-pursuit intervals will have oc-
curred due to the limited temporal resolution of the
wavelet-analysis (Torrence & Compo, 1998). This blur-
ring could have produced a small overestimation of pur-
suit amplitudes during the periods in which no shape
was reported (and a corresponding underestimation of
pursuit amplitudes when a shape was reported). Never-
theless, the fact that pursuit was sometimes sustained for
long intervals when no ﬁgure was reported, and could be
quite robust in the stabilized conditions (see Fig. 7E),
argue it was a genuine phenomenon.
In the stabilized conditions, the mean peak-to-peak
amplitudes were substantially larger; 88.4 0 (SE = 18.95)
when a shape percept was reported vs. 52.1 0 (SE =
15.63) when no shape percept was reported. Mean eye
motion amplitudes for each of the three shapes during
each of the four analysis conditions are shown in Fig. 9.
A 3-way ANOVA (shape · percept · stabilization)
shows no main eﬀect of the speciﬁc shape being viewed
on pursuit (F(2) = 1.05, p > .1), but signiﬁcant eﬀects of
both percept (F(1) = 15.0, p < .002) and stabilization
(F(12) = 36.6, p < .0001). There were no signiﬁcant
interactions. Thus, pursuit eye motions were more pro-
nounced with stabilization irrespective of whether a ﬁg-
ure was seen, and subjects were more likely to follow the
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menally present irrespective of stabilization. However,
in the non-stabilized conditions, where painting could
occur, the amplitude of the spontaneous pursuit was
very limited.
2.2.4.1. Regression analysis. The mean non-stabilized
pursuit amplitude when there was no ﬁgure percept
was barely larger than the 15 0 slit-width, and only about
1/2 even when a shape percept was present. However,
there was substantial across-subject variability in pursuit
amplitudes, with the within subject means ranging from
12 0 to 59 0 when a shape was seen with no stabilization.
There were also occasional intervals in which the pursuit
amplitude approached 2 peak to peak, and such inter-
vals were more likely to occur with some subjects than
others. We wondered if there might be a facilitative ef-
fect of retinal painting on shape perception with the sub-
jects who had the most pronounced pursuit. We thought
that in this case the total or mean duration of shape per-
cepts would be positively correlated with a subjects
mean pursuit amplitude during non-stabilized (but not
stabilized) viewing. To test this prediction, we per-
formed a regression analysis.
The results of this analysis failed to support the pre-
diction. With stabilized viewing, as expected, the mean
amplitude of a subjects pursuit was not signiﬁcantly cor-
related with either the total time ﬁgure percepts were re-
ported or the duration of the episodes of ﬁgure
perception. With non-stabilized viewing, there was also
no relationship between the pursuit amplitude and the
total time a percept was reported. We did ﬁnd a relation-
ship between pursuit amplitude and the mean duration
of the percepts (r2 = 0.18, p < .02). However, the direc-
tion of the correlation was opposite to that predicted—
the subjects with the largest pursuit amplitude tended
to be the ones for whom the duration of the episodes
of ﬁgure perception were shortest. We do not know
why this occurred, but clearly this ﬁnding provides no
evidence for a facilitating role of retinal painting.3. Experiment 2
The results of Experiment 1 provide no signiﬁcant
evidence that the retinal painting produced by spontane-
ous pursuit facilitated the formation of anorthoscopic
shape percepts or increased the stability of these per-
cepts. The data therefore do not support the hypothesis
that retinal painting under free-viewing conditions can
contribute to a post-retinal ﬁgure-forming process.
However, with all three shapes tested the total percent
time that a shape was seen, and the mean duration of
the periods of shape perception, were non-signiﬁcantly
higher in the non-stabilized condition. We therefore
wondered whether a signiﬁcant supportive role ofpainting would emerge if greater demands were placed
on the post-retinal process. In Experiment 2, we there-
fore investigated the eﬀect of stabilization with a nar-
rower 10 0 slit, so that the post-retinal process was
provided with less contour information than was availa-
ble in the Experiment 1.
3.1. Methods
The methods employed in Experiment 2 were similar
to those used in Experiment 1, with the following modi-
ﬁcations. Eight subjects were run, seven naive and one
of the experimenters. Only the 3-loop shape was pre-
sented. Prior to the start of the experimental trials, the
perception of this ﬁgure through a 20 0 slit was conﬁrmed
by drawings. Two slit-widths were employed, a 15 0 slit
(the same width used in Experiment 1) and narrower
10 0 slit. Four stabilized and four non-stabilized trials
were run with each slit-width in a counterbalanced se-
quence (16 trials total). With half the subjects the trial
sequence began with the narrow slit with half the wide
slit. Likewise, with half the subjects the sequence began
with a stabilized trial and with half a non-stabilized trial.
As in Experiment 1, the slit boundaries were unmarked.
We thought with the narrow but not with the wide slit
the painting occurring during non-stabilized viewing
might signiﬁcantly facilitate ﬁgure percepts, producing
an interaction between slit-width and stabilization. In
addition, although the eyes are normally closely yoked
during pursuit (Yarbus, 1967), we also ran four of the
eight of the subjects in this experiment monocularly with
their right eye, which was the eye that was monitored.
With these subjects, the left eye was patched. No diﬀer-
ences were found in any of our psychophysical measures
between the monocular and binocular subjects, and their
data is pooled in the analyses given below.
3.2. Results
3.2.1. Percent time ﬁgure seen
Fig. 10A shows the mean percent of the total 360s
viewing time in each of the four viewing conditions
(15 0 slit stabilized, 15 0 slit non-stabilized, 10 0 slit stabi-
lized, 10 0 slit non-stabilized).
With the 15 0 slit the percent total time a ﬁgure was re-
ported was slightly higher in the stabilized condition
than in the non-stabilized condition (64.8% vs. 58.0%).
Thus, the non-signiﬁcant advantage found for non-
stabilized viewing with this ﬁgure and slit-width in
Experiment 1 did not replicate, suggesting this advan-
tage was in fact simply due to sampling noise. As we ex-
pected, shape percepts were less readily seen with the 10 0
slit. With this narrower slit, the percent time a shape was
reported averaged 27.5% with non-stabilized viewing
and 22.2% with stabilized viewing. In a two-way (slit-
width by stabilization) repeated measures ANOVA,
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Fig. 10. (A) shows the mean percent of the total 360-s viewing time in
Experiment 2 in which a shape percept was reported. Data is shown for
the 15 0 slit and the 10 0 slit in stabilized and non-stabilized trials. (B)
shows the mean duration in seconds of episodes of ﬁgure perception
with the 10 0 and 15 0 slits in the stabilized and non-stabilized trials. (C)
shows the mean number of episodes of shape perception within a trial
with 10 0 slit and 15 0 slit in the stabilized and non-stabilized trials.
Errors bars show standard errors.
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Fig. 11. Wavelet derived mean pursuit eye motion amplitudes in
Experiment 2. Amplitudes with the 10 0 and 15 0 slits in the stabilized
and non-stabilized conditions are shown.
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p < .0001). However, neither the eﬀect of stabilization
(F(1,7) = .016, p > .1) nor the slit-width by stabilization
interaction (F(1,7) = 2.82, p > .1) reach signiﬁcance. The
hypothesis that there would be an increased eﬀect of sta-
bilization with the narrower slit-width is therefore not
supported.3.2.2. Duration and frequency of ﬁgure percepts
Results are similar when the mean duration of epi-
sodes of ﬁgure perception is considered. Means and
standard errors for these durations are shown in Fig.
10B. In contrast to the non-signiﬁcant trend in Experi-
ment 1, with the 15 0 slit there is a trend toward longer
percept durations with stabilization, while with the 10 0
slit the stabilized and non-stabilized mean durations
are almost identical. A two-way repeated measures AN-
OVA with slit-width and stabilization as factors indi-
cates only the eﬀect of slit-width is statistically
signiﬁcant (F(1,7) = 10.33, p < .02), with neither the ef-
fect of stabilization (F(1,7) = .72, p > .1) nor the slit-
width by stabilization interaction (F(1,7) = 1.91, p > .1)
even approaching signiﬁcance.
Means and standard errors for the frequency of epi-
sodes of ﬁgure perception are shown in Fig. 10C. There
is a trend toward fewer episodes of ﬁgure perception
with the narrower slit, and a trend more (rather than
fewer) episodes of ﬁgure perception in the stabilized con-
dition. However, in a two-way repeated measures ANO-
VA none of these trends is signiﬁcant (for slit-width,
F(1,7) = 3.20, p > .1; for stabilization, F(1,7) = 3.89,
p = .089; for the slit-width by stabilization interaction
F(1,7) = 1.13, p > .1). These data provide no indication
that the narrower slit caused retinal painting to play
an increased role in the formation of anorthoscopic
percepts.
3.2.3. Eye motions analyses
Wavelet derived mean pursuit eye motion amplitudes
and standard errors are shown in Fig. 11. As in Exper-
iment 1, the pursuit amplitudes in the non-stabilized
conditions were quite small. In the non-stabilized condi-
tion, when no ﬁgure was being reported the mean peak
to peak pursuit amplitude was 14.6 0 with the 15 0 slit and
7.36 0 with the 10 0 slit, so that in both cases the average
pursuit amplitude was similar to the slit-width. When
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tudes increased to 45.7 0 and 27.1 0. As in Experiment 1,
tracking was more pronounced in the stabilized condi-
tion. With stabilization, the mean peak to peak pursuit
amplitude when no ﬁgure was reported is 35.9 0 with
the 10 0 slit and 42.7 0 with the 15 0 slit. When a ﬁgure
was being reported, the corresponding mean tracking
amplitudes are 66.3 0 and 70.7 0. In a 3-way repeated
measures ANOVA the eﬀects of stabilization (F(1,7) =
7.03, p < .05) and ﬁgure perception (F(1,7) = 6.54, p <
.05) are signiﬁcant, but the eﬀect of slit-width is not
(F(1,7) = 0.89, p > .1), and there are no signiﬁcant inter-
actions (p > .1 in all cases). However, in the non-stabi-
lized runs seven out of eight subjects had larger
pursuit amplitudes with the wider slit when a ﬁgure
was seen (p = .035), and all eight when no ﬁgure was
seen (p = .004). This leads us to believe when there was
no stabilization the reduction in pursuit amplitudes
with the narrower slit may well have been a genuine
eﬀect.4. Discussion
4.1. Summary
We performed two experiments to evaluate the
contribution of retinal painting to the formation and
stability of anorthoscopic percepts under free-viewing
conditions. In our ﬁrst experiment, luminous outline
shapes were revealed as they oscillated at 1 sweep per
second (.5Hz) across a simulated 15 0 slit without
marked boundaries. No ﬁxation point was presented,
and subjects were free to pursue the moving ﬁgure but
were not instructed to do so. Under these conditions,
percepts of the moving ﬁgure were intermittent, with
periods in which a horizontally moving ﬁgure was per-
ceived alternating with periods in which only vertically
moving contour segments were perceived. When a shape
was perceived there was frequently spontaneous pursuit
of the horizontal ﬁgure motion, though always across
distances much smaller than the actual path of the mov-
ing shape. When a shape was not reported, lower ampli-
tude pursuit was sometimes observed. However, when
retinal stabilization was used to eliminate the retinal
painting produced by pursuit, there was no signiﬁcant
eﬀect on the time required for an initial report of a shape
percept, the duration of the episodes of shape percep-
tion, or the frequency with which those episodes oc-
curred. These observations were conﬁrmed in a second
experiment in which we used a narrower 10 0 slit to re-
duce the contour information that was visible through
the slit at any moment. While this reduction of the
slit-width substantially reduced the percentage of the
total viewing time that a ﬁgure was perceived, this per-
centage remained similar in stabilized and non-stabilizedviewing conditions. Overall, the data indicate that under
the free-viewing conditions we employed the retinal
painting produced by spontaneous pursuit eye move-
ments contributed little if anything to the formation
and/or maintenance of anorthoscopic percepts. This im-
plies that under such free-viewing conditions anortho-
scopic ﬁgure percepts are attributable to a post-retinal
process that derives no beneﬁt from pursuit contingent
painting.
4.2. Spontaneous pursuit
The absence of an eﬀect of retinal painting is con-
cordant with the overall low amplitude of the spontane-
ous pursuit in the non-stabilized conditions. When no
ﬁgure was seen, pursuit was often not detectable and
when it occurred was almost always smaller than 1
peak to peak. Its mean amplitude was similar to the
width of the slit through which the ﬁgure was viewed:
15.1 0 with the 15 0 slit (averaged across the two experi-
ments) and 7.3 0 with the 10 0 slit. The painting generated
by this minimal pursuit was apparently not suﬃcient to
prove useful for the process of ﬁgural integration.
Pursuit generally increased when a ﬁgure percept was
being reported, though its amplitude remained much
smaller than the motion path of the shape, rarely
exceeding 2 peak to peak and averaging only about 3
times the slit-width. This increased pursuit is commensu-
rate with the view that subjects were tracking the shape
percept (Krauslis & Stone, 1999; Mack et al., 1982;
Steinbach, 1976), in which case the percept was enabling
the pursuit, rather than the other way around. The
painting produced by this pursuit could in principle have
helped to sustain shape percepts once they were formed,
but our data indicates that this did not occur. Bolstering
this conclusion, the mean pursuit amplitude of individ-
ual subjects in Experiment 1 (when a ﬁgure was seen
with no stabilization) did not positively correlate with
the mean duration of their episodes of ﬁgure perception.
The mean duration of ﬁgure percepts was, in fact, nega-
tively correlated with the amplitude of this pursuit. Con-
ceivably, any eye motion which moved the fovea away
from the slit impaired the ability of observers to process
the contour information being presented in the slit, but
given the small amplitude of the eye motions involved,
this explanation must be regarded as suspect.
The present observations do not necessarily contra-
dict previous reports that post-retinal anorthoscopic
percepts can be facilitated by pursuit (Fendrich & Mack,
1981; Haber & Nathanson, 1968; Morgan, 1981; Mor-
gan et al., 1982; Rothschild, 1922), since these reports
were based on observations made while subjects tracked
a continuously visible moving target. We initially
hypothesized that painting might support anorthoscopic
percepts by supplementing the contour segment infor-
mation on which a post-retinal process could operate.
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that pursuit could facilitate anorthoscopic percepts by
reducing any masking of contour segments viewed
though the slit by the retinal smear produced by their
vertical motion. Although we found no facilitating ef-
fects of this sort, deliberate pursuit of an external target
could generate a great deal more painting than we ob-
served. A facilitation of anorthoscopic percepts by delib-
erate pursuit therefore remains a viable possibility.
The fact that even minimal pursuit occurred even
when no ﬁgure percept was being reported implies that
subjects had some ability to follow the horizontal ﬁgure
motion even when that motion was not phenomenally
evident. One possibility is that the oculomotor system
was able to lock onto horizontal motion components ex-
tracted from the motion of the contour segments in the
slit (Shimojo & Richards, 1986) even when the perceived
motion was vertical. In addition, Kveraga, Fendrich,
and Hughes (2001) have shown that pursuit eye move-
ments can be sustained by intermittent brief bursts of
visible horizontal motion. The anorthoscopic shapes
could have provided such brief bursts of detectable hori-
zontal motion as the lateral edges of the ﬁgure entered
and exited the slit at the ends of each sweep.
We observed much larger amplitudes of pursuit when
the simulated slit was retinally stabilized, presumably be-
cause the eyes were free to move without defoveating the
slit. This pursuit is not germane to the retinal painting
hypothesis since it generated no painting. Rock et al.
(1987) have hypothesized that pursuit eye motions can
facilitate anorthoscopic percepts by acting as cue to the
motion of the occluded shapes. We observed no indica-
tion that the increased pursuit in the stabilized conditions
increased the likelihood of shape percepts. This does not
necessarily contradict the Rock et al. hypothesis, since
this hypothesis speciﬁcally argues that it is pursuit rela-
tive to the slit that acts as a motion cue. It does, however,
suggest that neither the feedback nor the eﬀerence asso-
ciated with pursuit served per se as cues to the perception
of the horizontal motion of the occluded shapes.
4.3. Slit-width
The narrowest slit-width we employed was 10 0, which
still permitted observers to resolve the form of the con-
tour segments viewed through the slit. We chose this
minimum slit-width because pilot observations sug-
gested that with even narrower slits the episodes of ﬁg-
ure perception would have become quite rare (with the
10 0 slit, ﬁgure percepts were only seen about 25% of
the time). Narrower slits would in principle have in-
creased the potential dependence of any shape percepts
on retinal painting, but we found the amplitude of spon-
taneous pursuit tended to decrease as the slit width de-
creased. We therefore think it is unlikely that under
our free-viewing conditions any actual advantage wouldhave been found had a narrower slit been employed. In
our data the average amplitude of pursuit when there
was no ﬁgure percept was about the width of the slit,
which suggests that with a single line slit there would
have been no tracking at all. Watanabe et al. (2002) have
reported that with a marked slit there can be ﬁgure per-
cepts and phenomenal motion even with 2.88 0 and 1.44 0
slit-widths. However, the perceived motion direction
was not yoked to the actual direction of ﬁgure motion
in these cases, and likely reﬂects the action of a top–
down expectancy based mechanism. While such purely
phenomenal motion might be able to elicit pursuit, it
does not seem likely that the amplitude of such pursuit
would be larger than the ineﬀectual pursuit we observed
when the slit was wider.
4.4. Eﬀects of the shape being viewed
In Experiment 1, we found a signiﬁcant eﬀect of the
shape being viewed on both the duration and frequency
of the intervals of ﬁgure perception. The pattern of the
data suggests this was primarily attributable to shorter
durations but an increased number of ﬁgure episodes
with the 3-loop shape than with the circle and irregu-
lar-loop (see Fig. 6). We note two structural attributes
that might have distinguished the 3-loop shape. First,
because of its triple loop structure, the average vertical
velocity of the segments visible through the slit was
higher with this shape than with the other ﬁgures. Sec-
ond, the transit of the contour crossings at the loop
junctions across the slit could have increased this figures
ability to convey horizontal motion information. How-
ever, it is not clear why these attributes would have in-
creased the frequency but decreased the duration of
the ﬁgure percepts. Additional research is needed to
determine how ﬁgural properties inﬂuence the stability
of anorthoscopic percepts. What does seem clear is that
diﬀerent shapes are not equally stable, so that conclu-
sions based on the observation of a single shape may
not generalize to all shapes.
4.5. Mechanisms of anorthoscopic perception
Morgan et al. (1982) have argued that anorthoscopic
percepts can be formed by two distinct mechanisms, reti-
nal painting and a post-retinal process. When ﬁgure
transit times are short (<500ms), pursuit can cause slit
retinal persistence paint a stationary image of all or
most of the ﬁgure on the retina. However, if ﬁgure tran-
sit times are longer and the slit is wide enough to allow
contour segments to be seen, shape percepts can be gen-
erated by a post-retinal process and are perceived as
moving and occluded. In our experiments, the shape
percepts had these post-retinal attributes. Morgan
et al. tacitly treat the painting and post-retinal processes
as independent and exclusive. Our observations are
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duced by spontaneous pursuit did not contribute to our
subjects percepts.
Two primary types of explanation have been pro-
posed to account for post-retinal anorthoscopic per-
cepts. Parks (1965) proposed that ﬁgure percepts are
stored in a post-retinal storage buﬀer where successive
slices of a ﬁgure are ‘‘reassembled in terms of time-of-
arrival encoding.’’ Rock and Halper (1969), Rock and
Sigman (1973), Rock and Gilchrist (1975) and Rock
(1981) have proposed a more interpretive visual ‘‘prob-
lem solving’’ process, in which sequential retinal inputs
are used to construct a model of what is likely to be in
the world. The present experiments were not designed
to discriminate between these alternatives, but to the
extent that our data suggests a dependence of anortho-
scopic percepts on shape speciﬁc structural information,
it seems to favor the Rock approach. This is the case be-
cause one might expect a storage buﬀer to store informa-
tion irrespective of the particular shape being viewed.
However, this is not a straightforward issue, since the
operation of a storage buﬀer might in principle depend
upon the ability of the occluded shape to provide motion
cues.
In addition, research on the role of line terminators in
the perception of motion through apertures (e.g. Liden
& Mingolla, 1998; Lorenceau & Shiﬀrar, 1992;
McDermott, Weiss, & Adelson, 2001; Shimojo, Silver-
man, & Nakayama, 1989) may bear on the mechanism
of anorthoscopic perception. As in a traditional bar-
ber-pole display (Wallach, 1935), the motion direction
of the contour segments in a single slit anorthoscopic
display is inherently ambiguous. To see the moving ﬁg-
ure, the tendency to see motion along the long axis of
the slit (Wallach, 1935) needs to be overridden. Shimojo
et al. (1989) and Liden and Mingolla (1998) have shown
that occlusion cues can be critical in this process, and
McDermott et al. (2001) have extended these observa-
tions by showing that structural factors that inﬂuence
the interpretation of occlusion cues can have a strong
eﬀect on global motion perception. In anorthoscopic
displays where the slit boundaries are visible, the termi-
nations of the contour line segments in the slit form
what Shimojo et al. (1989) have termed ‘‘extrinsic’’ ter-
minators (terminators which can be attributed to occlu-
sion), making it relatively easy to extract the global
horizontal motion of the shape. In displays such as ours
in which the slit boundaries are not marked, the contour
segment terminations will be ‘‘intrinsic’’ (belong to the
segments themselves) so that one would expect the ver-
tical motion of those segments to dominate perception.
To overcome this problem, observers must infer the
occluding slit boundaries. We have in fact informally
observed that when the integrated moving shape is seen,
there is also a strong percept of subjective slit bounda-
ries. Other investigators (Liden & Mingolla, 1998;Tommasi & Vallortigara, 1999; Wallach, 1935) have
also noted that subjective contours can act as eﬀective
occlusion cues. Episodic ﬂuctuations in the salience of
subjective contours in our displays could have contrib-
uted to the ﬁgure intermittency by causing the contour
segment terminators to alternate between an intrinsic
and extrinsic status.
Investigations of spatial interpolation in multiple
aperture displays could also have implications for
anorthoscopic shape perception. Nishida (2004), for
example, has shown that the perception of patterns pre-
sented through multiple 1-pixel wide slits is mediated by
a spatio-temporal interpolation process that depends on
motion processing mechanisms. He proposes that in V1
cells tuned to both spatial and temporal stimulus attri-
butes (see Burr, Ross, & Morrone, 1986) serve a dual
analysis function, extracting not only motion but also
pattern information that is used for shape recognition.
This raises the possibility that in single slit anortho-
scopic displays form and motion could also be processed
jointly at an early stage of the visual system. If this is the
case, the intermittency we observed suggests the func-
tion of the spatio-temporal tuned cells may be subject
to some kind of gating process. However, it is uncertain
to what extent shape percepts with single-slit and multi-
slit displays are comparable, even if retinal painting can
be ruled out in both cases. In contrast to single slit dis-
plays, multiple slit displays allow contour information
to be derived (subject to the constraints imposed by sam-
pling limitations) by spatial interpolation across the slit
array. Moreover, with multi-slit displays motion energy
can be extracted by integration across the slit array, so
that slits of only one pixel can be employed. With a single
slit display motion energy must be extracted from the dis-
placements of the contour segments within the slit, so
that slits wider than one pixel are required.
It is interesting to consider motion blur in this regard,
since it has been argued that spatio-temporal tuned cells
could play a key role in eliminating such blur (Burr &
Ross, 1986, 2004; Burr et al., 1986). We have informally
observed that when no ﬁgure is seen the contour seg-
ments moving in the slit generate a great deal of appar-
ent vertical smear. With the 3-loop-shape this smear is
especially salient, since a 5 vertical displacement occurs
in as little as 350ms. When a ﬁgure is seen all sense of
the phenomenal smear seems to vanish. Thus, the disap-
pearance of phenomenal vertical smear is associated
with the switch from phenomenal vertical motion to
phenomenal horizontal motion. The reduction in blur
in this case does not seem to be readily explicable in
terms of a low level de-blurring mechanism, but does
seem to ﬁt with a proposal by Burr and Morgan
(1997) that the appearance of blur depends on interpre-
tive processes. In the anorthoscopic case, one might
argue the blur is not seen because the visual system
interprets the perceived ﬁgure as sharp.
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An additional question that bears on the nature of
the post-retinal forming process is whether observers
see more of a post-retinally generated shape than is actu-
ally displayed through the slit at any moment. This has
been a matter of dispute [e.g. Haber and Nathanson
(1968) vs. McCloskey and Watkins (1978)]. We did
not address this issue in the present experiments, but
our impressions are that when the shapes sweep back
and forth across the slit, substantially larger sections
of these shapes appear to be phenomenally present than
are actually displayed, and that this occurs even when
displays are retinally stabilized. If this impression can
be veriﬁed, it would lend credence to the hypothesis of
some form of post-retinal storage.
Haber and Nathanson (1968) propose that post-reti-
nal anorthoscopic percepts simply reﬂect ‘‘judgments of
what the shape. . .must have been.’’ We believe our inter-
mittency data argue strongly against this position, and
demonstrate that post-retinal anorthoscopic percepts
are genuinely visual. With each of our shapes, after their
ﬁrst episode of ﬁgure perception subjects certainly
‘‘knew’’ what the shape was, but this did not prevent
the shape percept from vanishing. The strong associa-
tion between the reports of seeing a shape and the ampli-
tude of pursuit eye motions also argues that the periods
of ﬁgure and no-ﬁgure perception were distinguished by
a fundamental visual change. FMRI data reported by
Murray et al. (2002) are commensurate with this conclu-
sion. Murray et al. used two-slit display in which observ-
ers reported spontaneous alternations (similar to those
we observed with a single slit) between a percept moving
line segments and a percept of an integrated moving dia-
mond. These perceptual alternations were correlated
with activity changes in the activity in both the Lateral
Occipital Complex and primary visual cortex (see also
Yin, Shimojo, Moore, & Engel, 2002), so that seeing a
shape was associated with changes in neural processing
relatively early in the visual processing hierarchy. How-
ever, potential interactions between low level and more
cognitive mechanisms in the ﬁgure integration process
remain to be explored.Acknowledgments
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